We have used a microfluidic mass sensor to measure the density of single living cells. By weighing each cell in two fluids of different densities, our technique measures the single-cell mass, volume, and density of approximately 500 cells per hour with a density precision of 0.001 g mL −1 . We observe that the intrinsic cell-to-cell variation in density is nearly 100-fold smaller than the mass or volume variation. As a result, we can measure changes in cell density indicative of cellular processes that would be otherwise undetectable by mass or volume measurements. Here, we demonstrate this with four examples: identifying Plasmodium falciparum malariainfected erythrocytes in a culture, distinguishing transfused blood cells from a patient's own blood, identifying irreversibly sickled cells in a sickle cell patient, and identifying leukemia cells in the early stages of responding to a drug treatment. These demonstrations suggest that the ability to measure single-cell density will provide valuable insights into cell state for a wide range of biological processes.
We have used a microfluidic mass sensor to measure the density of single living cells. By weighing each cell in two fluids of different densities, our technique measures the single-cell mass, volume, and density of approximately 500 cells per hour with a density precision of 0.001 g mL −1 . We observe that the intrinsic cell-to-cell variation in density is nearly 100-fold smaller than the mass or volume variation. As a result, we can measure changes in cell density indicative of cellular processes that would be otherwise undetectable by mass or volume measurements. Here, we demonstrate this with four examples: identifying Plasmodium falciparum malariainfected erythrocytes in a culture, distinguishing transfused blood cells from a patient's own blood, identifying irreversibly sickled cells in a sickle cell patient, and identifying leukemia cells in the early stages of responding to a drug treatment. These demonstrations suggest that the ability to measure single-cell density will provide valuable insights into cell state for a wide range of biological processes.
cell size | apoptosis | hematology | biosensor | suspended microchannel resonator C ells adjust their mass-to-volume ratio during important processes such as cell cycle progression (1) , apoptosis (2, 3) , differentiation (4), disease state (5, 6) , and malignant transformation (7) . Although important insights have come from tracking single-cell volume during such processes, and methods for monitoring cell mass are emerging, there currently does not exist a means for measuring the density of individual cells with meaningful precision.
Existing density measurements generally rely on buoyant force to transport cells to a location where the surrounding fluid density most closely equals the cell's density. Even when sped up by centrifugation, lengthy exposure to concentrated solutions of the substance used to construct the density gradient may inadvertently affect the density and viability of the cells. Density gradients also have a fundamental tradeoff between dynamic range and resolution, and construction of a high-resolution but narrow-range density gradient requires that the cell density be known a priori. Combined with the difficulty of tracking single cells in centrifuge tubes, these limitations have precluded the use of density gradient centrifugation for quantifying the density of individual cells. More recently, magnetic levitation has been used to accurately measure the density of micron-scale particles (8) , but the concentrated metal salt solutions required are incompatible with living cells.
The ideal method for measuring a single cell's density would not rely on buoyant force to slowly push the cell, but would measure the buoyant force on the cell directly, in any desired fluid, and then use this information to calculate not only the density but also the mass and volume of the cell. Remarkably, such a method was used around 250 B.C. by Archimedes of Syracuse, who was asked by the king to determine whether a crown was made of pure gold. One version of this story suggests that Archimedes measured the density of the crown by hanging it in a fluid and using a balance to measure the submerged crown's buoyant mass m b :
where m is the mass of the crown, ρ f is the density of the fluid, and ρ is the density of the crown. By measuring the buoyant mass of the crown in two fluids of different known densities (for example, water and air), Archimedes could then calculate the density of the crown and compare it to the known density of pure gold ( Fig. 1 ).
We have implemented Archimedes' method in a microfluidic system to measure the density of single cells. This approach requires both a system to weigh single cells with femtogram precision and a method to rapidly exchange the fluid surrounding a single cell during laminar flow. The "balance" we use to weigh cells in two different fluids is the suspended microchannel resonator (SMR), a microfabricated microfluidic mass sensor (9) . As shown in Fig. 2 , the SMR consists of a silicon cantilever containing an embedded microfluidic channel. The cantilever oscillates at a frequency that is proportional to its mass, and a cell passing through the embedded channel changes the resonance frequency of the cantilever by an amount proportional to the buoyant mass of the cell. Previous work with the SMR showed that the average density of a population of cells can be calculated from buoyant mass measurements (10, 11) and that yeast exhibit cell cycle-dependent variations in average cell density (11) , but these methods cannot measure the density of single cells or derive statistics about the density distribution.
To measure single-cell density with the SMR, the device is first loaded with two different fluids: one containing the cells of interest in any buffer or media (red in Fig. 2 ), and another with the same tonicity as the first solution but greater density (blue in Fig. 2 ). The density of the red fluid is determined from the resonance frequency of the cantilever while filled with red fluid (Fig. 2, step 1) . A cell's buoyant mass in the red fluid is then recorded from the height of the peak in the resonance frequency while the cell passes through the cantilever (Fig. 2, step 2 ). The cell then enters the blue fluid, where the faster flow rate quickly dilutes and replaces the red fluid surrounding the cell. Replacing most of the fluid around the cell occurs in as little as 1 s, a remarkably fast exchange for a free-flowing cell in laminar flow conditions. The direction of flow is then reversed, blue fluid fills the cantilever (Fig. 2, step 3 ), and the cell passes through the cantilever a second time to measure its buoyant mass in the blue fluid ( Fig. 2, step 4 ). Sample raw resonance frequency data from the measurement of 12 human erythrocytes in 1 min is shown in Fig. 3 . The cell spends very little time (as little as 3 s) in contact with the high-density blue fluid before its buoyant mass is measured. From these two measurements of buoyant mass, the absolute mass, volume, and density of the cell can be calculated ( Fig. 1 ). This process takes approximately 5 s per cell, and the system can measure approximately 500 cells per hour.
Results and Discussion
To validate our method, we measured beads with known density and size. Fig. 4A shows the bead volume, mass, and density distributions for a sample of 5.0-μm-diameter polystyrene beads. The coefficient of variation (CV) of bead density is almost thirty times smaller than the CV of bead volume or mass. The error bars on the plot of bead mass vs. density (Fig. 4B ) provide an upper estimate of the resolution of our method: 3 pg absolute mass, 3 fL volume, and 0.001 g mL −1 density (AE one standard deviation). To validate our method using a cell sample, we measured Plasmodium falciparum malaria-infected erythrocytes ( Fig. 4C ). P. falciparum is known to cause significant physical changes in infected erythrocytes (5, 12) . The observed fraction of low-density infected cells is consistent with earlier studies (5); these infected cells cannot be distinguished from healthy cells by mass, but are clearly distinguishable by density.
In a small-scale blood study, we measured single-cell volume, mass, and density for approximately 500 human erythrocytes from each of 16 patients. Hemoglobin concentration and erythrocyte volume are well known to be altered in various diseases (13) .
Because hemoglobin comprises about one-third of the mass of an erythrocyte, we hypothesized that erythrocyte density may also correlate with different cell states. In addition, nine of these individuals received recent blood transfusions prior to analysis. By analyzing blood from transfusion recipients, we explored whether the combination of single-cell volume, mass, and density could be used to distinguish host and donor erythrocytes. This ability could then be used to assess the survival of transfused cells (14) or possibly identify athletes who have received performanceenhancing transfusions ("blood doping"). 
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Fig. 2.
Using the SMR (Left) to measure the buoyant mass of a cell in two fluids of different densities. Measurement starts with the cantilever filled with any buffer or media less dense than the cell (red, step 1). The density of the red fluid is determined from the baseline resonance frequency of the cantilever. When a cell passes through the cantilever (step 2), the buoyant mass of the cell in the red fluid is calculated from the height of the peak in the resonance frequency. The direction of fluid flow is then reversed, and the resonance frequency of the cantilever drops as the cantilever fills with a fluid more dense than the cell (blue, step 3). The buoyant mass of the cell in the blue fluid is measured as the cell transits the cantilever a second time (step 4). From these four measurements of fluid density and cell buoyant mass, the absolute mass, volume, and density of the cell are calculated. an approximately 30-Hz downward peak in the SMR resonance frequency as the cell surrounded by Fluid 1 is measured, then a large (approximately 5,000-Hz) decrease as more-dense Fluid 2 passes through the cantilever, and finally (D) an approximately 10-Hz upward peak as the cell surrounded by Fluid 2 is measured. A small amount of Fluid 1 enters the Fluid 2 stream during the first pass of the cell through the cantilever (C); some of this dilute mixture accompanies the cell during its second pass through the cantilever and causes a gradually increasing baseline around the second peak (D).
condition that is associated with smaller erythrocyte volumes. Our measurements confirm this and also show smaller erythrocyte masses and densities compared to a random nonthalassemic, nontransfused patient (black points). In addition, a small fraction of normal-mass, normal-density erythrocytes in the thalassemic individual's blood is evident and corresponds to the healthy cells the patient received via transfusion 4 d prior to collection. This diagonally offset subpopulation could only be detected in a multiparameter measurement as demonstrated, and not by isolated measurements of mass, volume, or density. The sample in Fig. 4E (red points) is from a patient with sickle cell anemia who received a transfusion of normal blood 35 d before collection. The widened erythrocyte density distribution is in agreement with earlier studies (6), with the region of more-dense cells likely representing irreversibly sickled cells (15) . To assess how an individual's single-cell density changes with time, we obtained two additional samples of blood from the thalassemic patient drawn 1 and 2 d later than the sample analyzed in Fig. 4D . The patient's erythrocyte mass, volume, and density distributions remained essentially unchanged over 3 d (Fig. S1 ). These measurements show that cell density is by far the most tightly regulated aspect of cell size, but meaningful cell-to-cell variation in density exists, and our method can discriminate the small fraction of transfused blood cells that are only approximately 1% more dense than an individual's own blood cells. The remaining seven transfusion recipients had no obvious preexisting conditions, so their blood cells should be more similar to cells received via transfusion. In spite of this, our method was sensitive enough to detect a wider range of erythrocyte densities in seven transfusion recipients, compared to seven nontransfused individuals (Fig. S2 ). These measurements suggest that the density of erythrocytes remain largely unchanged even after the cells have spent days in another individual. We also found that individuals with wider erythrocyte density distributions typically have wider mass and volume distributions as well, though cell density variability is not solely a function of mass or volume variability ( Fig. S3 ). Finally, these 14 individuals' mean erythrocyte densities do not obviously correlate with the mean cell volume, mean cell hemoglobin content, or hematocrit, as measured by a clinical instrument (Figs. S4 and S5). This suggests that cell density is not merely a function of cellular environment or the concentration of certain cellular components, and that cell density (and the distribution of densities in a population of cells) may be an independent and useful diagnostic.
The observed narrow distribution of density compared to either mass or volume suggests that density could be a unique indicator of changes in cell state that result from environmental perturbations. To test this hypothesis with a model system, we measured mouse lymphocytic leukemia cells (L1210) before and after treatment with staurosporine (STS). STS is a general kinase inhibitor that induces the intrinsic apoptosis pathway and rapidly decreases average cell volume (16) (17) (18) . Using our method, we observed an approximately 25% decrease in the average cell volume and mass after 20 min of STS treatment ( Fig. 5 ). However, the large cell-to-cell variability in volume and mass would make it impossible to identify treated cells within a background of untreated cells because nearly all treated cells are within the untreated population's distribution ( Fig. 5, shaded  areas) . We observed a much smaller change in average density (approximately 1% increase), yet most treated cells have a density significantly above that of the untreated population's density distribution, thereby demonstrating that only density provides a unique identification of cell state. Interestingly, the rapid and widespread increase in cell density suggests that the cells initially decrease water content rather than increase biomass because biomass synthesis requires longer timescales to affect density significantly. Cells treated with an equal volume of dimethyl sulfoxide (DMSO; control) did not exhibit a change in density, and the 2 μM concentration of STS does not contribute significantly to the solution osmolarity (>300 mOsm). These early cell density changes may be indicative of constant cell biomass during apoptotic volume decrease, which has not yet been described, or apoptosis-unrelated effects of STS. Nevertheless, the measurement further demonstrates density as an important parameter (6), with the more-dense cells likely representing irreversibly sickled cells (15) .
in distinguishing cell state and our method's ability to measure the properties of large cells (>200 fL) with high precision at the single-cell level.
We have combined a tool for weighing single cells with microscale fluid manipulation to develop a rapid and simultaneous measurement of the density, mass, and volume of large numbers of single cells. Our method can discriminate the small fraction of transfused blood cells that are only approximately 1% more dense than an individual's own blood cells. Our technique can also detect a change in cell density that is statistically more significant than the well-known change in cell volume accompanying apoptosis. Methods for measuring fundamental biomechanical and biophysical attributes of single cells have consistently provided valuable insights into cell biology (19, 20) , and we anticipate that density, a fundamental property of all cells, will similarly prove to be useful for identifying, distinguishing, and studying single cells.
Materials and Methods
Details of Experimental System. A schematic of the experimental system is shown in Fig. S6 . The system contains two parallel paths for fluids (colored red and blue in Fig. 2 and Fig. S6 ). These two fluid paths are connected through the mass-sensitive SMR. By applying a pressure differential across the resonating microchannel, the contents of either fluid path can be sent through the resonating microchannel and into the other fluid path. Downstream of the SMR, a regulated pneumatic vacuum and two computer-controlled solenoid valves direct the flow of fluid through the system.
During a typical experiment, cells are prepared in any buffer or media at a concentration of 1 × 10 6 to 1 × 10 8 cells mL −1 and connected to the red fluid path via capillary tubing inserted into the flask (Fig. S6) . The blue fluid path is connected to a flask containing approximately 1 mL of an otherwiseidentical buffer with a higher density. To avoid inducing osmotic changes in the cells, the osmolality of the two fluids should be as similar as possible. Solutions of colloidal silica particles coated with polyvinylpyrrolidone ("Percoll," Sigma-Aldrich) have high density (1.130 g mL −1 ) and low osmolality (<25 mOs kg −1 H 2 O); substituting these solutions for water in a buffer or media recipe increases the fluid's density without significantly altering its osmolality.
To load the cells and fluids into the system, the solenoid valves are switched on to apply high (−70 kPa) vacuum to both downstream waste vials. Within 1 min the red path fills with cells in red fluid and the blue path fills with higher-density blue fluid.
To measure cells, the magnitude of the downstream vacuum is first decreased to approximately −20 kPa, and the solenoid valve connected to the red path is then switched off; this slows the flow of cells in the red path, but the flow of higher-density fluid in the blue path continues (Fig. S6A) . The difference in pressures between the two fluid paths causes a cell to flow from the red path through the resonating microchannel and into the blue path. The buoyant mass of the cell in red fluid is recorded as a peak in the resonance frequency of the SMR, and the cell enters the higher-density fluid in the high-flow blue path (Fig. S6B) . The states of both solenoid valves are then reversed, so that applied vacuum drives high flow in the red path but flow slows in the blue path. This drives the cell, now surrounded by higher-density fluid from the blue path, back through the resonating microchannel and into the red path (Fig. S6C) . The buoyant mass of the cell in the high-density fluid is recorded from the peak in the SMR resonance frequency, and the cell reenters the high-flow red path. At this point the computer program controlling the system waits for 1 s to ensure that the cell has been flushed down the red path ( Fig. S6D) , then reverses the states of the solenoid valves again in preparation for measuring the next cell ( Fig. S6A again) . This process takes approximately 5 s per cell. Every 10 min the regulated vacuum magnitude is increased to −70 kPa for 1 min to load fresh cells from the flask into the SMR. The throughput of the system is approximately 500 cells per hour.
Data Processing. The resulting SMR resonance frequency data contains one pair of peaks for each cell measured. The larger resonating microchannels (15-μm by 20-μm fluid channel internal dimensions) used to measure the L1210 mammalian lymphocytes (Fig. 5 ) yield peaks >100 ms wide; these peaks are well resolved and can be analyzed by smoothing the frequency data with a Savitzky-Golay filter and fitting a second-order polynomial to the peak tip and a line to the baseline. The resulting peak height is proportional to the buoyant mass of the cell in the particular media, and the baseline frequency is proportional to the solution density (calibration details below). The smaller 8-μm by 8-μm resonating microchannels used to measure the polystyrene beads ( Fig. 4 A B) , malaria-infected erythrocytes (Fig. 4C) , and transfusion recipient erythrocytes ( Fig. 4 D and E and Figs. S1-S5) yield peaks only approximately 10 ms wide; the tips of these peaks are not resolved well enough to be analyzed in the same way. Instead, each peak is fit to a calculated peak shape based on the work of Dohn et al. (21) The calculated peak shape is a function of the cell's buoyant mass, the solution density, and other terms describing the peak and baseline. By using the Nelder-Mead method to minimize the sum of squared differences between the experimental and calculated peaks, the cell's buoyant mass and the solution density can be determined.
System Calibration. Two calibrations are necessary to measure cell density with the SMR. The first calibration measures the response of the SMR to a known buoyant mass. Beads with a known volume and density are suspended in a fluid of known density and passed through the resonating microchannel. The resulting peaks are analyzed as described above to determine the mass calibration constant. In practice, this constant remains relatively unchanged throughout the life of an SMR device, so it is typically determined only once. The second calibration measures the response of the SMR to fluid with a known density. Two or more solutions with precisely known densities (for example, sodium chloride solutions prepared gravimetrically) are loaded into the resonating microchannel. Fitting the resulting plot of solution density vs. baseline resonance frequency to a polynomial provides a function for converting SMR resonance frequency to solution density. In practice, the lowest-order term of the polynomial (the y intercept) can change significantly over time due to, e.g., accretion of mass on the inside walls of the resonating microchannel. The resulting error directly affects the measured cell density (for example, a y-intercept term that is 1% too high will result in a measured cell density that is 1% too high). For this reason, we regularly perform a quick and simple single-solution density calibration to determine the y intercept. Fig. 5 . Time-course data of single-cell masses, volumes, and densities of L1210 mouse lymphocytic leukemia cells before (black) and after (red) the addition of either STS (A; n ¼ 123 cells) or an equal volume of DMSO (B; n ¼ 86 mock-treated cells). Shaded areas represent the mass, volume, and density distributions of the untreated cells (mean AE two standard deviations). We observed 73% of treated cells have a density greater than the untreated cells, but <5% of treated cells have a significantly altered mass or volume. Density uniquely identifies the drug-treated cells with a certainty that is impossible by mass or volume measurements.
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Polystyrene bead measurements. For the bead measurements ( Fig. 4 A and B) , 5.0-μm-diameter polystyrene beads (Duke Scientific/Thermo Fisher Scientific) were diluted to a concentration of approximately 1 × 10 8 beads mL −1 in 1× phosphate buffered saline (PBS) containing 0.1% polysorbate 20 ("Tween-20," Sigma-Aldrich).
Malaria Culture Measurements. For the malaria culture measurements (Fig. 4C) , Plasmodium falciparum 3D7A parasites (Malaria Research and Reference Reagent Resource Center, American Type Culture Collection) were cultured in human erythrocytes (Research Blood Components) in RPMI-1640 complete medium as described elsewhere (22) . Approximately 1 mL of each culture (late-stage infected and healthy) was diluted into 10 mL of a simplified RPMI-1640 media (prepared by dissolving 10.44 g RPMI-1640, 5.44 g HEPES, and 2.00 g NaHCO 3 in water for a final volume of 1.0 L). A small volume of the same media was prepared substituting Percoll for water; this was used as the more-dense fluid in the SMR. The diluted cultures were maintained at 37°C and stirred gently during approximately 2 h of analysis.
Erythrocyte Measurements. For the transfusion recipient erythrocyte measurements ( Fig. 4 D and E and Figs. S1-S5), whole blood was obtained from seven patients who had received transfusions within the previous 7 d and from seven patients who had not. Blood samples were obtained under a research protocol approved by the Partners Healthcare Institutional Review Board. Samples were stored at 4°C until analysis and were analyzed within 32 h of collection. For each sample, 5 μL of whole blood was diluted into 10 mL of 1× PBS. To make the more-dense buffer, 100 μL of 10× PBS was combined with 900 μL of high-density Percoll (preparation described below). The diluted blood samples were maintained at 25°C during analysis. A second capillary tube inserted into the diluted blood sample bubbled a gentle stream of air into the vial and kept the cells in suspension during analysis. In this manner, the single-cell density, mass, and volume of approximately 500 erythrocytes were analyzed in approximately 1 h for each patient. High-density Percoll was prepared by filling 5-mL syringes with Percoll, capping the syringes, and storing the syringes oriented plunger-up at −20°C for at least 16 h. The syringes were then allowed to thaw at 4°C over at least 16 h. A freeze-thaw cycle causes a density gradient to form within a tube of Percoll (23) . The bottom approximately 1 mL (the densest fraction) was then dispensed from the syringes and used in the above protocol.
Mouse Lymphoblast Culture Measurements. For the L1210 measurements ( Fig. 5 ), cells were grown at 37°C in L-15 media (Gibco/Invitrogen) supplemented with 0.4% (wt∕vol) glucose, 10% (vol∕vol) fetal bovine serum, 100 IU penicillin, and 100 μg∕mL streptomycin. Cells were passaged every 2-3 d to maintain a cell concentration of approximately 50;000 mL −1 . For the SMR measurements, cells from culture were spun down, resuspended in fresh prewarmed media at a concentration of approximately 100;000 mL −1 , and delivered to the SMR. The more-dense buffer consisted of 45% liquid food coloring, 45% 2× L-15 Percoll media (pH 7.2), and 10% L-15 media. L-15 Percoll media is identical to the cell culture media with the exception of 50% Percoll (vol∕vol) and the use of powdered (Sigma-Aldrich) rather than liquid L-15 media. After approximately 1 h of measurement, cells were treated with 2 μM STS or an equal volume of DMSO (mock-treated control) and measured for an additional hour. The SMR and sample were maintained at 37°C. The cell sample was added to a glass sample vial to a final depth of less than 0.5 cm, the same fluid depth used in conventional culture flasks. A centrifuge tube containing approximately 1 mL of alternate-density media was placed inside of the glass sample vial to deliver both fluids using the same pressure.
The larger 15-μm by 20-μm resonating microchannel used to measure the L1210 cells ( Fig. 5 ) was interfaced to cells and media as shown in Fig. S6 , but using upstream pressure instead of downstream vacuum to drive fluid flow through the system. Three of the four SMR device ports are maintained with a single pressure regulator, and fine pressure corrections at the start of each experiment are individually made to these ports by changing the fluid vial height. The fourth port alternates between a low and high pneumatic pressure source via a computer-controlled solenoid valve (SMC) that responds to the SMR resonance frequency. Actuation of this valve controls the direction of fluid flow through the SMR. Following each flow reversal, a 400-ms, approximately 10% increase in sample pressure is applied to flush away partially mixed fluid and bring in new cells. Every 4.25 min the tubing is flushed with a high-pressure (approximately 70 kPa) rinse for 45 s, and the sample vial is gently shaken to resuspend the cells. No measured cell stays more than 4.25 min in the microfluidic system.
Supporting Information
Grover et al. 10 .1073/pnas.1104651108 Both the ADVIA and the SMR measure mean cell volume, and there is a reasonable correlation between the mean volumes measured by the two instruments (A). Similar correlations exist between the mean cell volume from the ADVIA and the mean cell mass from the SMR (B). Additional correlations can be found between the mean cell hemoglobin (Hb) mass from the ADVIA and the mean cell volume and mass from the SMR (D, E). However, mean cell hemoglobin concentration and hematocrit from the ADVIA did not obviously correlate with mean cell volume or mass from the SMR (G, H, J, K). In addition, cell density from the SMR did not obviously correlate with any of the ADVIA's measurements (C, F, I, L). This suggests that the factors that determine erythrocyte density are not merely a function of the cell's size or hemoglobin content, or an individual's hematocrit. Fig. S5 . Comparisons between the distribution widths of erythrocyte volumes measured by the Siemens ADVIA and our SMR, for the 14 individuals in Fig. S2 , measured as either coefficient of variation (A) or standard deviation (B). Red points indicate recently transfused individuals, and black points indicate nontransfused individuals. The distribution widths of the individuals' erythrocyte volumes agree well between the ADVIA and SMR instruments (with the exception of one possible outlier, a nontransfused patient whose cell volume distribution width was measured to be within the nontransfused range by the SMR but within the transfused range by the ADVIA).
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Cells in lessdense buffer S6 . Diagram of density measurement system. Briefly, a pressure differential between two parallel fluid paths (red and blue) sends a single cell from the red path through the resonating cantilever (SMR) and into the blue path. Once the buoyant mass of the cell is measured in the cell's native media or buffer (red), the fluid flow reverses direction to measure the same cell in the alternate-density fluid (blue) and the system is reset. See Materials and Methods for details.
